Tin sulfide (SnS) was successfully synthesized in single crystals by a melt and slow-cooling method. The obtained sample was characterized by an X-ray diffraction, an energy dispersive spectrometry, and an X-ray photoelectron spectroscopy. Electrical transport properties in SnS were investigated under high pressure using a diamond anvil cell with boron-doped metallic diamond electrodes and undoped diamond insulating layer. We successfully observed an insulator to metal transition from 12.5 GPa and pressure-induced superconductivity at 5.8 K under 47.8 GPa as predicted by a theoretical calculation.
Tin chalcogenide binary compounds have been studied as superior functional materials with a high thermoelectric performance in the past several years [1] [2] [3] [4] [5] [6] [7] . Especially, tin selenide (SnSe) shows remarkable thermoelectric property of an ultrahigh figure of merit ZT value of 2.6 at 923 K, due to its low thermal conductivity, controllable resistivity, and high Seebeck coefficient [1, 8] . Also, superconductivity in tin selenide was recently reported under high pressure [9] . Tin telluride similarly shows superior thermoelectric property as lead-free materials [10] . The carrier-doped SnTe shows superconductivity around 2 K under ambient pressure [11] . These indicate that tin chalcogenides binary compounds are new vein of superconducting materials.
According to recent first principles calculations, superconductivity in tin sulfide binary compounds SnS and Sn3S4 are predicted under high pressure [12] . A stable phase at ambient pressure α-SnS-Pnma with a band gap of 1.28 eV first changes to metallic β-SnS-Cmcm phase from 9 GPa.
Under further compression, a superconducting γ-SnS-Pm-3m phase appears from 40 GPa with transition temperatures (Tc) of 9.74 K. A higher Tc compound of Sn3S4 with I-43d structure shows instability at ambient pressure. The metallic phase is stable from 15 GPa and maximum Tc of 21.9 K appears from 30 GPa. Although similar structural transition and superconductivity were experimentally observed in related materials SnSe [9] and Sn3Se4 [13] , there is no report regarding to tin sulfide.
In this study, we experimentally confirm the predicted superconductivity in tin sulfide. Single crystals of tin sulfide were synthesized via conventional melt and slow-cooling method. Crystal structures of obtained samples were analyzed by an X-ray diffraction (XRD) using a Mini Flex 600 (Rigaku) with Cu Kα radiation. The compositional ratios were investigated by an energy dispersive spectrometry (EDX) using a JSM-6010LA (JEOL). An X-ray photoelectron spectroscopy (XPS) analyses using an AXIS-ULTRA DLD (Shimadzu/Kratos) with Al Kα X-ray radiation (hν = 1486.6 eV) were carried out to clear surface states of the obtained crystals. The XPS measurements were operated under a pressure of the order of 10 -9 Torr. Photoelectron peaks were analyzed by pseudo-Voigt functions peak fitting with a background subtraction by an active Shirley method using a COMPRO software [14] . Superconductivity was examined by electrical transport measurements via a standard four probe method under high pressure using an originally designed diamond anvil cell [15, 16] . Cubic boron nitride powders with a ruby manometer were used as a pressure-transmitting medium. Applied pressures were estimated by a fluorescence from ruby powders [17] and a Raman spectrum from a culet of the top diamond anvil [18] by an inVia Raman Microscope (RENISHAW).
We tried to synthesize SnS and Sn3S4 in single crystals by a melt and slow-cooling method.
Starting materials of Sn grains (99.99%) and S grains (99.99%) were put into evacuated quartz tubes in stoichiometric compositions of SnS and Sn3S4. The ampoules were heated at 350ºC for 4 hours, subsequently at 900ºC for 20 hours, and slowly cooled to 880ºC for 20 hours followed by a furnace cooling. The Sn-rich quasi-stoichiometric composition in SnS is consistent with previous report in some literatures [19, 20] . On the other hand, the obtained crystals from the nominal composition of Sn3S4 contained SnS, SnS2 and Sn2S3 components without the desired material of Sn3S4. To obtain the Sn3S4 phase that would show higher Tc of 21.9 K by the theoretical prediction, a high pressure synthesis above 15 GPa should be required [12] .
Electrical resistivity measurements for the obtained SnS single crystal were carried out at ambient pressure via a standard four prove method. Figure 1 (c) shows a temperature dependence of a resistivity for SnS. The order of resistivity of 50 Ω-cm at 300 K is consistent with a typical value of SnS [21] . To evaluate an activation energy of the obtained SnS, the measured resistivity is fitted by the Arrhenius relationship of ρ=ρ0×exp(Ea/kBT), where ρ0 is a constant residual resistivity value, Ea is the activation energy, kB is a Boltzmann constant, and T is the temperature, as shown in the inset of Fig. 1(c) . The straight-line fit yields the Ea value near room temperature of 0.12 eV, which shallow level shows an agreement with a tendency in the Sn-rich SnS [22, 23] . Figure 1( High To examine the predicted superconductivity in SnS, a temperature dependence of resistance was measured under high pressures. Here, we used the originally designed diamond anvil cell [15, 16] in the high pressure experiments as shown in a schematic image of Fig. 3(a) . Sample voltage is detected by the heavily boron-doped metallic diamond (BDD) electrodes on the bottom anvil. The electrodes and the metal gasket are electrically separated by the insulating undoped diamond (UDD)
layer. The details of a fabrication process of these special diamonds are described in the literatures [15, 16] . In the measurement of SnS, the 6 prove design of electrodes was used as shown in Fig. 3(b) . SnSe with Pm-3m structure [9] . Assuming a phonon-mediated Bardeen-Cooper-Schrieffer (BCS) superconductivity in γ-SnS-Pm-3m structure above 40 GPa as pointed in the literature [12] , a high density of state (DOS) near the Fermi level and lighter atomic mass possibly contribute the higher Tc.
Since hole-doped SnSe shows higher Tc and Hc2(0) compared with those of undoped SnSe [25] , it can be expected similar enhancement of superconducting properties in carrier doped SnS. During this study, we succeeded in synthesis of SnS single crystal. The resistance measurement under high pressure using our originally designed diamond anvil cell revealed the insulator to metal transition from 12.5 GPa, and superconductivity at 5.8 K under 50 GPa with correspondence to the theoretical prediction. Such a theory-preceding exploration for superconductors, for example, data-driven approaches [31, 32] , discovery of hydrogen-rich high-Tc superconductors [33] [34] [35] [36] , and so on, would be more accelerated in further materials science.
